Noise is generally thought as detrimental for energy transport in coupled oscillator networks. However, it has been shown that for certain coherently evolving systems, the presence of noise can enhance, somehow unexpectedly, their transport efficiency; a phenomenon called environment-assisted quantum transport (ENAQT) or dephasing-assisted transport. Here, we report on the experimental observation of such effect in a network of coupled electrical oscillators. We demonstrate that by introducing stochastic fluctuations in one of the couplings of the network, a relative enhancement in the energy transport efficiency of 22.5 ± 3.6 % can be observed. Using the same photonic platform, Caruso et al. 21 observed an enhanced transport efficiency when suppressing interference effects in the transport dynamics of a photonic network. In this experiment, noise was implemented by dynamically modulating the propagation constants of the waveguides, which is the natural way for producing decohering noise, as it has been experimentally demonstrated in the context of quantum random walks.
istry and biology. 1 In recent years, energy transport assisted by noise [2] [3] [4] has attracted a great deal of attention, partly because of its potential role in the development of future artificial light-harvesting technologies. [5] [6] [7] This intriguing phenomenon has theoretically been shown to occur in several quantum [8] [9] [10] [11] [12] [13] [14] and classical [15] [16] [17] [18] systems; however, efforts towards its experimental observation had not been presented until very recently. Viciani et al. 19 showed an enhancement in the energy transport of optical fiber cavity networks, where the effect of noise on the system was introduced by averaging the optical response of several network configurations with different cavity-frequency values. In a closely related experiment, Biggerstaff et al. 20 demonstrated an increase in the transport efficiency of a laser-written waveguide network, where decoherence effects were simulated by averaging the output signal of the waveguide array considering different illumination wavelengths.
Using the same photonic platform, Caruso et al. 21 observed an enhanced transport efficiency when suppressing interference effects in the transport dynamics of a photonic network. In this experiment, noise was implemented by dynamically modulating the propagation constants of the waveguides, which is the natural way for producing decohering noise, as it has been experimentally demonstrated in the context of quantum random walks.
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In this work, we report on the observation of noise-assisted energy transport in a network of capacitively coupled RLC oscillators, where R stands for resistance, L for inductance, and C for capacitance. Although in previous studies of ENAQT noise has been modeled as fluctuations in the frequency of each oscillator, so-called diagonal fluctuations,
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here we introduce noise in the system by means of stochastic fluctuations in one of the network's capacitive couplings, referred to as off-diagonal dynamical disorder. 25 Using this system, we show that fluctuations in the coupling can indeed influence the system so that the energy transferred to one of the oscillators is increased, demonstrating that offdiagonal dynamical disorder can effectively be used for enhancing the efficiency of energy transport systems.
Results
We consider a network of three identical RLC oscillators (as shown in Fig. 1 ), whose dynamics are described by
where V n is the voltage in each oscillator, i n is the current, and C nm represents the capacitive couplings.
Noise is introduced in the system by inducing random fluctuations in one of the capacitive couplings, so that
with C 12 being the average capacitance of the coupling and φ (t) a Gaussian random variable with zero average, i.e. φ (t) = 0, where · · · denotes stochastic averaging.
Previous studies of noise-assisted transport have shown that efficiency enhancement can be observed by measuring the energy that is irreversibly dissipated in one particular site of the network, the so-called sink or reaction center. 3, 8, 14, 17 Here, we take the resistance in Oscillator-2 to be the sink and measure the relative energy that is dissipated through it by computing
where N is the total energy dissipated by all the oscillators. Notice that Eq. (4) is equivalent to the efficiency measure that was derived in a previous work on noise-assisted transport in classical oscillator systems.
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We have experimentally implemented the system described by Eqs.
(1)-(3) using functional blocks synthesized with operational amplifiers and passive linear electrical components (see Methods and accompanying Supplementary Information). Our experimental setup was designed so that the frequencies of each oscillator were the same (ν = 290.57
Hz), as well as the couplings between them (C nm = 40 µF). Notwithstanding, based on our measurements, we found that the designed system was characterized by the following parameters: ν = 283.57 Hz, C 12 = 39 µF, C 13 = 41.7 µF, and C 23 = 39 µF. These variations in the parameters of the system result from the tolerances (around 5%) of all the electronic components used in the implementation of the circuit.
As described in the methods section, noise was introduced in one of the network's capacitive couplings using a random signal provided by a function generator (Diligent Analog Discovery 410-244P-KIT). The electronic circuit was designed so the voltage of the noise signal, V s , is directly map into Eq. (3), thus making the stochastic variable φ (t) fluctuate within the interval (−V s , +V s ), with a 1 kHz frequency. Notice that the frequency of the noise signal is higher than the oscillators' natural frequency, which guarantees a true dynamical variation of the capacitive coupling. Figure 2 shows some examples of the histograms of noise signals extracted directly from the function generator.
Using the configuration described above, we measured the energy dissipated through the resistor in Oscillator-2 [Eq. (4) However, as obtained in our numerical simulations, a higher efficiency may be reached by incorporating random fluctuations in the remaining couplings.
To verify that the observed enhancement was a consequence of energy rearrangement due to random fluctuations in the coupling, and not because external energy was introduced in the electronic circuit, we measured the transport efficiency of all oscillators. We can see from the inset in Fig. 3 that transport efficiency of Oscillator-2 is enhanced only because the energy dissipated through Oscillator-1 becomes smaller. This clearly shows that the effect of noise is to create new pathways in the system through which energy can efficiently flow towards an specific site, generally referred to as sink or reaction center.
Discussion
The results presented here show that noise-assisted transport, an ubiquitous concept that may help us understand efficient energy transport in diverse classical and quantum systems, can be observed in simple electronic circuit networks. This opens fascinating routes towards new methods for enhancing the efficiency of different energy transport systems, from small-scale RF and microwave electronic circuits to long-distance highvoltage electrical lines. In this way, a specific feature initially conceived in a quantum scenario (environment-assisted quantum transport) has shown to apply as well in classical systems, widening thus the scope of possible quantum-inspired technological applications.
Methods
In our experiment, three identical RLC electrical oscillators interact by means of three ideal capacitors. The input energy is injected into a single oscillator (Oscillator-1), and we follow the dynamics of the system by registering independently the voltage of each oscillator ( An important issue that we would like to point out is that in this work both, the initial conditions and noise, are physically introduced via a voltage signal. This is particularly relevant because in the first case this voltage represents the initial current and, in the second case, the statistical distribution of the noise voltage can be defined independently from the circuit, thus it is not necessary to produce fluctuations in the physical properties of the electrical components-namely resistors, capacitors or inductors-which generally represents a major challenge. . Supplementary Information: Noise-assisted energy transport in electrical oscillator networks with off-diagonal dynamical disorder
From an experimental point of view, it is challenging to implement a set of interacting RLC electrical oscillators where certain important defining parameters should change dynamically (noise), even more if the time needed to visualize the dynamics and interactions is large compared with the time-constant imposed by the parasitic attenuation of a real system. In this work we are interested in noise, its implementation, its effects and how to control it. In the first instance, one could attempt to build noisy RLC oscillators using passive components, 1 but this strategy is in general limited by the large damping coefficient in the inductor, which produces a fast energy extinction, thus hindering the observation of the sought-after effects.
In this supplementary information material, we will show how a network of noisy RLC oscillators can be electronically implemented by using the working principle of an analog computer. 2, 3 Basically, an analog computer makes analog simulations of differential equations using electronic components. The input and output voltage variables of an analog electronic circuit (analog computer) represent physical variables of the mathematical model that is being studied. In this way, in order to simulate any mathematical model in an analog computer, the sequence of mathematical operations involved in the process must be described by means of functional block diagrams. The four functional blocks shown in Fig. 4 are the ones used in our experimental setup to implement the mathematical operations described by Eqs. (1)- (3) of the main manuscript.
Using these functional blocks a complete diagram of the oscillator network can be obtained. Firstly, we build a block diagram for a simple RLC oscillator [as shown in Notice that the inherent sign inversion is a result of the negative voltage gain of the OPAMP, which must be taken into account in the design. Here, R j , C j and U j stand for resistors and capacitors, and general-purpose operational amplifiers, respectively. The values of R f 1 , R 1 , R i1 , C i1 , R i2 and C i2 are defined by the oscillator parameters, that is, the resistance (R), the inductance (L) and the capacitance (C). They must satisfy:
and
This last expression [Eq. (2)] implies that the adder (U 4 ) has a unitary amplification factor.
For the experimental setup, we calculated the resistors and capacitors involved in a damping coefficient α = 3.333 Hz. To design this configuration we thus take R i1 = 3 kΩ, C i1 = 100 nF, R i2 = 10 KΩ, C i2 = 100 nF, R 1 = 1 kΩ and R f 1 = 3.3 kΩ. By selecting R f 2 = R 2 = R 3 = R 4 = 10 kΩ, the condition given by Eq. (2) is satisfied.
To understand how random fluctuations in the coupling between Oscillator-1 and Oscillator-2 are introduced, we first substitute Eq. (3) into Eqs. (1) and (2) of the main manuscript, so we obtain a set of equations given by
where we have assumed that the coupling capacitors have the same value, that is,
The synthesis of Eqs. (3)- (8) is divided into three parts. In the first part, the RLC oscillators are implemented using the electronic circuit in Fig. 5 . Each oscillator can be easily implemented using the same electronic circuit that was obtained for the simple RLC parallel oscillator. In the second part, the couplings without noise are built using the same methodology, that is, by designing the block diagram and then replacing each block with electronic configurations based on operational amplifiers. Finally, the third part is the design of the noisy coupling. Note that CV ′ 1 and CV ′ 2 have the same noisy coupling term thus it is enough to build only one of them. Figures 6(a)-(b) show the functional block diagram of the noisy coupling, as well as its equivalent analog electronic circuit.
To conclude, it is important to point out that, in our system, noise is physically introduced via a voltage signal. This is particularly relevant because its statistical distribution will be defined independently from the circuit, which implies that fluctuations in the physical properties of electronic components-such as resistors, capacitors or inductors-are not required. .
